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Drug development is a long, complex and expensive
activity. Typical development times are between 10
and 15 years at a cost of some £500 million to £1 bil-
lion per marketed drug [1]. Surveys over the past
10 years have shown that whereas R & D expenditure
is increasing almost exponentially year on year, the
number of new molecular entities being registered for
marketing is either static or declining [2]. Indeed the
situation has become so serious that regulatory author-
ities, particularly the USA Federal Drugs Authority
(FDA), have voiced their concerns that excessive
development costs are preventing new life-saving med-
icines reaching the patient at an affordable price [3].
In their ‘Critical Path’ document, the FDA have asked
why the tools of the last century are being used to
develop drugs of the 21st. Their view is that ‘A new
product development tool kit is urgently needed to
improve predictability and efficiency along the critical
path’.

 

Importance of Absorption, Distribution, Metabolism 
and Excretion (ADME)/Pharmacokinetics (PK) in 
drug development

 

One of the reasons for drug failures during development
is suboptimal pharmacokinetics. Whilst safety, efficacy
and toxicology failures dominate the reasons for drug
development termination, drug metabolism could well
play a role in all of these. Efficacy failures could arise
through too low a concentration of drug reaching the
target for an inappropriate amount of time. Safety fail-
ures could arise through the wrong concentration reach-
ing the wrong target for too long a time period. Toxicity
failures in animals may be through metabolic routes or

pathways that do not occur in humans. Indeed Horobin
questioned the value of animals in drug development,
stating that too much focus was being placed on animal
models that may not mirror what happens in humans [4].

Thus understanding the metabolism of a development
drug is key to determining whether a new chemical
entity (NCE) is ‘druggable’. Current methods of study-
ing drug metabolism pathways prior to human studies
rely on animal, 

 

in vitro

 

 and 

 

in silico

 

 models. When
taking drugs into humans for the first time, there is
always a concern that drug metabolism pathways and
pharmacokinetics (PK) might differ substantially from
those predicted from the model studies. Our pharmaceu-
tical industry contacts state that allometric scaling in
which animal model and 

 

in vitro

 

 PK is used to predict
human PK is incorrect in approximately one in three
occasions. Bioavailability is often poorly predicted, as
are Phase II conjugation pathways. Whilst some meta-
bolic differences may be of no practical consequence,
others are so serious that the development programme
can be taken no further. The failure rate in Phase I
studies of around 30% for metabolism, safety and effi-
cacy reasons is a figure that is both too high and too
expensive to be sustainable, especially for small to
medium size biotechnology companies.

 

The phase 0 microdosing concept to obtain early 
human ADME information

 

To address the issue of obtaining human drug meta-
bolism PK, a new experimental approach has been
developed, known as human Phase 0 or microdosing
studies in which subpharmacological, trace doses of
drug are administered to human subjects to obtain basic
PK parameters such as clearance, volume of distribu-
tion, 

 

t

 

1/2

 

, etc. Microdosing is dependent on the availabil-
ity of ultrasensitive analytical methods able to measure
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drug and metabolite concentrations in the low picogram
to femotgram range. Two big nuclear physics have been
applied  to  conduct  analyses  at  these  concentrations,

 

viz.

 

 accelerator mass spectrometry (AMS) [5, 6] and
positron emission tomography (PET) [7, 8]. Both tech-
niques rely on the analysis of radioisotopes incorporated
into the drugs under study. In the case of AMS, [

 

14

 

C] is
the most useful isotope for drug metabolism studies
whereas for PET [

 

11

 

C] is proving to be the most useful.
It is worth noting the huge contrast in radioactive half-
life of the two isotopes. [

 

14

 

C] has a half-life of
5740 years whilst [

 

11

 

C] has a half-life of 20 min. In the
latter case the radiosynthesis laboratory must be in very
close proximity to the volunteer or patient enrolled in
the study. In contrast the stability of [

 

14

 

C] means that
provided no radiolytic or chemical decomposition
occurs, the synthesized labelled molecule is stable for
many years. AMS is used for determining PK data by
taking body samples over time, processing the samples
in the laboratory and then analysing their drug content.
PET provides primarily PD data through real-time imag-
ing and some limited PK data. In the latter technique
PK data can be obtained for only some 2 h after drug
administration (i.e. six decay half-lives) whilst we have
obtained PK data using AMS for up to 100 days after
drug administration.

In Figure 1 a general scheme to conduct AMS micro-
dose studies is shown. It is noteworthy that (a) a minimal
toxicology package is required prior to a microdose
study and hence only laboratory-scale quantities of drug
substance are required, (b) the timelines to conduct a
microdose study from commencement of the toxicology

to obtaining human PK data are between 4 and 6 months
in contrast to Phase I study timelines of 12–18 months
and (c) the costs of conducting a microdose study pro-
gramme are substantially less than a full Phase I study
programme.

 

Uses of microdosing

 

The ability to conduct a truncated toxicology pro-
gramme such as outlined in the EMEA Safety Working
Party Position paper [9] and the recent US FDA Explor-
atory IND [10] ensures that microdosing studies can be
used in a number of ways. Both US and European reg-
ulatory agencies have defined a microdose as the admin-
istration of 100 

 

µ

 

g of candidate drug or 100th of the
pharmacological dose determined from animal models
and 

 

in vitro

 

 systems, whichever is the lesser. It is only
PET and AMS that have the sensitivity to guarantee that
drug and/or metabolite concentrations can be deter-
mined at these ultralow doses.

If during the drug discovery process, a number of
molecules are identified which have good pharmacolog-
ical activity but similar or differing animal PK, compar-
ative human microdose studies can be conducted to
establish human PK. Armed with this information, the
human PK data can then be used to (a) assist in the
candidate selection process, (b) determine the first dose
for the subsequent phase I study on the selected candi-
date, (c) establish the likely pharmacological dose and
(d) calculate the likely cost of goods. For a drug that is
expensive to manufacture, the pharmacological dose
may be so great that the drug becomes uneconomic to
manufacture. This parallel way of conducting micro-

 

Figure 1
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dose studies is most appropriate when several drug can-
didates are available, perhaps with a common structural
core where the radiolabel can be introduced into the
core portion of the molecule. These parallel studies are
best conducted on between two and five molecules
using parallel human subject groups. Each molecule
might be administered in a cross-over design such as an
intravenous dose followed after a suitable washout
period with an oral dose. Thus 

 

V

 

d

 

 and CL can be
obtained as well as the other standard PK parameters.
Both PET and AMS quantify the total number of
labelled atoms present in a sample rather than distin-
guishing between parent drug and metabolite(s). In gen-
eral researchers wish to know the relative proportion of
both in a particular sample or study. This information
can  be  obtained  through  chromatographic  separation
of an extract of blood or plasma followed by analysis of
collected chromatography fractions. In the case of
AMS, exquisite sensitivity has been achieved using this
approach.

A further example of the microdosing approach is
when microdosing studies are performed compound by
compound in an iterative manner. Through each micro-
dosing round, the PK and bioavailability properties of
the molecule can be improved to, in the end, provide a
molecule  with  the  optimal  desired  PK  properties.  In
one such study, three molecules were examined in
sequence; with each microdosing round the systemic
bioavailability was raised from a base value of 10% to
a value of 80% in the third molecule. This iterative
sequence was conducted in the space of 12 months
including the radiosynthesis, toxicology, clinical study
and bioanalysis.

In some cases, the drug discovery process might only
yield a single molecule. Microdosing can still be useful
in such circumstances as it can quickly establish if it is
worth taking the molecule forward prior to committing

large-scale resources to a full Phase I study. Sometimes
a metabolic pathway is identified in human hepatocytes
or liver microsomes, which is not seen in animals.
Microdosing can be used to establish if the pathway
occurs 

 

in vivo

 

.

 

The pros and cons of microdosing

 

The database for microdosing studies is very small. This
is partly due to the length of time required to get new
approaches adopted, the lack of validation programmes,
scientific inertia and a failure to recognize the potential
benefits of microdose studies. Interestingly, (a) adoption
is accelerating, (b) the regulatory climate in Europe and
the USA has changed, permitting microdose studies to
be conducted with a minimal toxicology package, and
(c) small to medium size biotech companies are con-
ducting microdose studies earlier than big pharma.
Perhaps this reflects a greater willingness to adopt inno-
vative approaches by these scientist-led organizations.

Radiotracer PET assay has the disadvantages of short
tracer half-lives and limited specificity (assay may
include metabolites). For both PET and AMS, drugs
must be labelled at metabolically stable sites.

A ‘microdose’ may not predict the behaviour of
clinical doses, although we have a body of evidence
that for many drugs linearity or near-linearity is
approached. Figure 2 demonstrates in a comparative
study the linear clearance kinetics of a microdose and
pharmacological dose for an intravenously adminis-
tered drug. A 100-fold difference in dose administered
results in drug plasma concentrations that are also 100-
fold different. Nonlinearities may be induced when
binding, metabolizing or eliminating systems become
saturated. To address this issue, a collaborative indus-
try-sponsored trial has been undertaken in which sev-
eral drugs, whose human PK is difficult to predict due
to, for example, high first pass effects, were dosed at

 

Figure 2
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microdose and pharmacological dose concentrations.
Comparative PK data were obtained in this study
known as the CREAM trial. Of the five drugs studied,
microdose PK data reflected pharmacological dose PK
for three and gave important metabolism data for one
(one compound was a no-test). Whilst this study was
not exhaustive, it demonstrated an approximately 70%
correspondence between microdose and pharmacologi-
cal dose PK. Other unpublished studies we are aware of
support this percentage predictivity.

In conclusion, it is our view that microdosing will
become an accepted approach in drug development and
that eventually all first in human studies will commence
with a Phase 0 study. Is it ethical to expose human
subjects unnecessarily to a pharmacological dose of
potential drug that has poor PK properties, whose devel-
opment is terminated as a result, when the same infor-
mation could have been obtained in a microdose study?
Has there not been an unnecessary use of animals,
including dogs and primates, on the terminated com-
pound? Microdosing will make a contribution to smarter
drug development by enabling early human data to be
obtained. Drug selection as a result will become more

 

human based and therefore more predictive.

 

References

 

1

 

DiMasi JA, Hansen RW, Grabowski HG. The price of innovation: 
new estimates of drug development costs. J Hlth Econ 2003; 22: 
151–85.

 

2

 

Parexel’s Pharmaceutical R & D. Statistical Sourcebook. Parexel, 
Waltham Massachusetts, USA, 2003/2004.

 

3

 

Food and Drug Administration. Innovation or Stagnation. Challenge 
and Opportunity on the Critical Path to New Medical Products. 
Food and Drug Administration, Washington DC, USA, 2004.

 

4

 

Horrobin DF. Modern biomedical research: an internally self-
consistent universe with little contact with medical reality? Nature 
Rev Drug Discovery 2003; 2: 151–4.

 

5

 

Lappin G, Garner RC. Big physics, small doses: the use of AMS 
and PET in human microdosing of development drugs. Nature 
Rev Drug Discovery 2003; 2: 233–40.

 

6

 

Lappin G, Garner RC. Current perspectives of 

 

14

 

C-isotope 
measurement in biomedical accelerator mass spectrometry. Anal 
Bioanal Chem 2004; 378: 356–64.

 

7

 

Aboagye EO, Price PM, Jones T. In vivo pharmacokinetics and 
pharmacodynamics in drug development using positron-emission 
tomography. Drug Discovery Today 2001; 6: 293–302.

 

8

 

Bergström M, Grahnén A, Langström B. Positron emission 
tomography microdosing: a new concept with application in tracer 
and early clinical drug development. Eur J Clin Pharmacol 2003; 
59: 357–66.

 

9

 

Committee for Medicinal Products for Human Use. Position Paper 
on non-clinical safety studies to support clinical trials with a single 
microdose. EMEA CPMP/SWP/2599/02/Rev 1, 2004.

 

10

 

Guidance For Industry. Exploratory IND Studies. Guidance. US 
Department of Health and Human Services, Food and Drug 
Administration, Center for Drug Evaluation and Research, 

 

Washington DC, USA, 2006.

 

Received

 

8 September 2005

 

Accepted

 

11 October 2005

 

Published 

 

OnlineEarly

 

20 January 2006

 

Correspondence

 

Professor R.C. Garner,

 

 Xceleron Ltd, York Biocentre, Innovation Way, 
Heslington, York YO10 5NY, United Kingdom. Tel.: 

 

+

 

44 1904 561561; Fax: 

 

+

 

44 1904 561560; E-mail: colin.garner@xceleron.com


